We report the synthesis and characterization of bulk form diluted magnetic semiconductors Ba(Zn 1−2x Mn x Co x ) 2 As 2 (0 x 0.15) with a crystal structure identical to that of 122-type
The research into diluted magnetic semiconductors (DMS) has been explosive since the observation of ferromagnetic ordering in III-V (Ga,Mn)As thin-film by Ohno eta al [1] [2] [3] [4] . After almost 20 years of efforts, the highest Curie temperature, T C , has been reported as ∼200 K with Mn doping levels of ∼12 % in (Ga,Mn)As [5, 6] . It has been proposed theoretically that the application of spintronics will become possible once T C reaches room temperature [4] . Improving T C is, however, hindered by an inherent difficulty: the mismatch of valences of Ga 3+ and Mn 2+ prohibits the fabrication of bulk form specimens and homogenous thin films with higher Mn doping levels. On the other hand, Mn substitution for Ga not only acts as a local moment, but also donates a hole, i.e., p-type carriers. Furthermore, some Mn impurities enter interstitial sites, which makes it difficult to determine precisely the amount of Mn that substitutes Ga [2] . The absence of decisive determination of the actual amount of Mn that substituted Ga also makes it difficult to measure where holes reside in: the impurity band or the valence band [7] .
Prior to the research of (Ga,Mn)As, a large group of II-VI family of DMS have also been extensively studies. Because Mn ions have the same valence as that of Zn ions, the chemical solubility can be very high, i.e., ∼70% in (Zn 1−x Mn x )Se [8, 9] , and bulk form specimens are available. However, it is difficult to control the carrier density, which is as low as 10 17 cm −3 , and the type of carriers [10, 11] . The magnetic moment size is as small as 0.01 µ B /Mn in most II-VI DMS [9, 12] . In general, the ground state is believed to be a spin-glass, instead of a long range ferromagnetic ordering.
An pioneer theoretical work proposed by Masek et al has shown that the I-II-V directgap semiconductor LiZnAs is a good candidate for fabrication of next generation of DMS [13] . LiZnAs is a direct gap semiconductor with a band gap of 1.6 eV [14] [15] [16] [17] . It has a cubic structure, similar to that of zinc-blende GaAs and ZnSe. served the ferromagnetic transition below T C ∼ 17 K and a large negative magnetoresistance in (Ba,K)(Cd,Mn) 2 As 2 [24] . It is worth to note that the Curie temperature of (La,Sr)(Cu,Mn)SO and (Ba,K)(Zn,Mn) 2 As 2 polycrystals is already comparable to the record T C of (Ga,Mn)As thin films [5, 6] . Interestingly, the type of carriers in above bulk form DMSs are all p-type, and no n-type DMS has been achieved.
In this letter, we report the synthesis and characterization of Mn and Co co-doped In Fig. 2(b) , we show the isothermal magnetization of Ba(Zn 1−2x Mn x Co x ) 2 As 2 (x = 0.05, [23] , which has an identical two dimensional crystal structure.
In Fig. 3(a) , we show the electrical resistivity measured for Ba(Zn 1−2x Mn x Co x ) 2 As 2 (x = 0.025, 0.05, 0.075, 0.10, 0.125, 0.15). For the parent semiconductor BaZn 2 As 2 , the electrical resistivity displays typical semiconducting behavior. Small amount of K doping into Ba sites change it into a metal [23] . In the case of Mn and Co co-doped samples, we found that the resistivity monotonically increases with the decreasing of temperature for all doping levels.
The same type of resistive behavior has also been observed in (Ga 1−x Mn x )As for x ≤ 0.03.
It has been ascribed to the scattering of carriers by magnetic fluctuations through exchange interactions in (Ga 1−x Mn x )As [2] . However, we do not observe insulator to metal transition when the doping level reaches as high as 15%.
We have also conducted the Hall effect measurements for the sample of Ba(Zn 1−2x Mn x Co x ) 2 As 2 (x = 0.10 and 0.15), and show the data in Fig. 3(b)-(d) . Our results indicate that the carriers are n-type, with an electron density in the order of n ∼ 5 × 10 17 cm −3 . This carrier density is comparable to that of Li 1.1 Zn 1−x Mn x P [19] and II-VI DMSs. In the research of Fe-based high temperature superconductors, Co substitution for Fe in BaFe 2 As 2 introduce electrons, and superconductivity with T c ∼ 25 K has been achieved. It has been shown by ARPES (angle-resolved photoemission spectroscopy) that sufficient amount of Co doping kills the hole Fermi surfaces [25] residing in the center of the Brillion zone, and expand the electron Fermi surfaces [25] . The n-type carriers in Ba(Zn 1−2x Mn x Co x ) 2 As 2 should be attributed to the Co substitution for Zn. We also measured the magneto-resistance (MR) for the doping level of x = 0.10 and 0.15. Under the magnetic field of 7 Tesla, the magnitude of electrical resistivity at 2 K decrease -89% and -78% for x = 0.10 and 0.15 samples, respectively. The negative magnetoresistance can be attributed to the reduction of disorders among the local spins, and the followed suppression of magnetic scattering by external field.
In diluted magnetic systems, the magnetic impurities can easily give rise to spurious features of "ferromagnetism", such as the bifurcation of ZFC and FC curves and hysteresis loops [26, 27] . In the Ba(Zn 1−2x Mn x Co x ) 2 As 2 system, the ordering temperature T C systematically changes with the variation of Mn and Co doping levels, indicating that the magnetic ordering is truly arising from the Mn and Co atoms that substituted for the Zn atoms in ionic sites. We would observe a single transition temperature for all doping levels if the magnetic ordering arises from the same type of magnetic impurity source. µSR technique is a powerful tool to determine the magnetic ordered volume at a microscopic level, as has been demonstrated in the bulk form p-type DMS materials [18, 20, 23] . We have also conducted µSR measurement of the Ba(Zn 1−2x Mn x Co x ) 2 As 2 , and our preliminary µSR results on 15%
doped specimen indicate that static ferromagnetic ordering do develops at low temperature.
On the other hand, the bifurcation of ZFC and FC curves and the hysteresis loops can be found not only in regular ferromagnets [28] but also in spin glasses [29] . The saturation Several theoretical models has been proposed to explain the ferromagnetism in various diluted magnetic semiconductors and oxides, such as Zener's model [32] , percolation of bound magnetic polarons (BMPs) [33] [34] [35] , and d − d double exchange due to hopping between transition metal d states [36] . In the case of Ba(Zn 1−2x Mn x Co x ) 2 As 2 , the resistivity is very large (∼ 10 5 Ω mm) and the carrier density is as low as ∼ 10 17 cm −3 . The origin of the ferromagnetism seems more amenable with the BMPs model.
In summary, we reported the synthesis and characterization of bulk form diluted magnetic semiconductors Ba(Zn 1−2x Mn x Co x ) 2 As 2 with the ordering temperature as high as ∼ 80 K.
It is the first time that Mn and Co atoms are co-doped into the BaZn 2 As 2 semiconductor and a ferromagnetic ordering is observed. The Hall effect measurements indicate that the carrier is n-type with a density in the order of 10 17 /cm −3 . The magneto-resistance reaches to ∼ -89% under the external field of 7 Tesla. Finally, we would like to emphasize that the common crystal structure and excellent lattice matching between the p-type ferromagnetic Ba 1−y K y (Zn 1−x Mn x ) 2 As 2 , the n-type ferromagnetic Ba(Zn 1−2x Mn x Co x ) 2 As 2 , the antiferrmagnetic BaMn 2 As 2 and the superconducting Ba(Fe 1−x Co x ) 2 As 2 systems make it possible to make various junctions between these systems through the As layer. 
